1. Introduction {#sec1}
===============

Multiple sclerosis (MS), a chronic, inflammatory, and demyelinating disease of the central nervous system (CNS), is affecting thousands of people worldwide [@bib1], [@bib2]. Although many possible mechanisms have been suggested for the pathogenesis of MS, it is currently accepted that infiltration of immune cells including autoreactive T cells \[especially interferon (IFN)-γ-producing T cells \[T helper 1 (Th1)\] and interleukin (IL)-17-producing Th17 subsets\] into the CNS through the blood--brain barrier is the direct cause of demyelination [@bib3]. These activated immune cells can secrete inflammatory mediators that contribute to inflammation and demyelination in the brain and spinal cord [@bib1], [@bib2]. Mitogen-activated protein kinase (MAPK) signaling pathways are involved in direct cellular responses to a diverse array of stimuli such as mitogens, osmotic stress, heat shock, and proinflammatory cytokines [@bib4]. Specifically, pharmacological inhibition of p38 MAPK can selectively ameliorate experimental autoimmune encephalomyelitis (EAE), indicating that p38 MAPK might be associated with the onset of EAE [@bib5]. As an upstream signal in the inflammation pathway, phosphorylated (p) p38 MAPK can mediate activation of the nuclear factor (NF)-κB signaling pathway [@bib6]. The NF-κB pathway is highly relevant to autoimmunity. Targeting the NF-κB pathway may be an effective approach in treating immune-mediated diseases [@bib7]. Microarray analysis of genes from brain tissue of patients with MS has revealed a positive relationship between MS and the NF-κB pathway [@bib8], [@bib9]. NF-κB-deficient mice are reported to be significantly resistant to EAE [@bib10]. Nevertheless, the role of p38 MAPK and NF-κB signaling pathways in the pathogenesis of MS remains unclear.

The international standard to treat MS is by using corticosteroids including Dexamethasone, Methylprednisolone, Solumedrol, and Prednisone either orally or via intravenous administration. These medications are usually prescribed for short term (during a relapse). They are not recommended for long-term use in MS because of adverse effects such as reduced natural immune response [@bib11], [@bib12], [@bib13]. Currently, disease-modification therapy represents a promising new approach to treat MS. However, principal MS medications such as Avonex (IFN-β-1a), Betaseron (IFN-β-1b), Copaxone (glatiramer acetate), and Gilenya (fingolimod) may produce significant adverse effects such as mood disorders, loose fat around the area of the injection, chest pain, and depression [@bib11], [@bib12], [@bib13]. Therefore, efficient and safe drugs are urgently needed for the treatment of MS.

Currently, traditional herbal medicines have been gradually gaining popularity to enhance normal physical condition and treat disease because they have various active constituents [@bib14]. *Panax ginseng* Meyer, a representative herbal medicine, has been called the elixir of life for its mysterious medicinal effects in Eastern Asia including Korea, China, and Japan for \> 2,000 years. It has been widely used as a restorative therapy or tonic rather than as a cure for a particular illness [@bib15], [@bib16]. According to existing studies, total ginseng extract and its main ingredients such as ginsenosides, polysaccharides, and gintonin have beneficial effects for neurological and immunological disorders possibly through regulating the MAPK/NF-κB signaling pathway and mediating inflammation [@bib15], [@bib17], [@bib18]. The aqueous extract of North American ginseng can significantly decrease clinical signs of EAE via inhibiting inflammatory mediators such as the levels of circulating tumor necrosis factor-α and CNS immunoreactive inducible nitric oxide (iNOS) [@bib19]. An acidic polysaccharide of *P.* ginseng can ameliorate the progression of EAE by promoting the generation of immunosuppressive regulatory T (Treg) cells through activating transcription factor forkhead box (Fox)p3 [@bib20]. Ginsenoside Rd can effectively ameliorate the clinical severity of EAE through reducing the permeability of the blood--brain barrier and promoting Th2 shift both *in vivo* and *in vitro* [@bib21]. Recently, we have reported that Korean Red Ginseng (KRG; steamed root of *P.* ginseng) and ginsenoside-Rb1/Rg1 can alleviate EAE by suppressing Th1 and Th17 cells and upregulating Treg cells [@bib22]. These reports suggest that ginseng has potential to be used in multitarget approaches to treat MS/EAE. These reports also increase the possibility that ginseng might exert a protective effect on EAE via regulating yet undemonstrated different signaling pathways. Here, we demonstrated that Korean Red Ginseng extract (KRGE) could protect spinal demyelination in acute EAE model through downregulating the p38 MAPK/NF-κB signaling pathway.

2. Materials and methods {#sec2}
========================

2.1. Animals and ethical approval {#sec2.1}
---------------------------------

Ten-week-old female Lewis rats (Japan SLC Inc., Hamamatsu, Japan) were kept at a constant temperature of 23 ± 3°C with a 12-h light--dark cycle (lights on 08:00 to 20:00 h), and fed food and water *ad libitum*. The animals were allowed to habituate to the housing facilities for 1 week before the experiments. All experimental procedures were reviewed and approved by the Institutional Animal Care and Use Committee of Kyung Hee University. In this process, proper randomization of laboratory animals and handling of data were performed in a blinded manner in accordance with recent recommendations from a National Institutes of Health Workshop on preclinical models of neurological diseases [@bib23].

2.2. KRGE preparation {#sec2.2}
---------------------

KRGE (Hong Sam Jung Plus; Lot No. H2006(3)-3065) was obtained from Korea Ginseng Corporation, Daejeon, Korea. KRGE was prepared from roots of 6-year-old fresh *P.* ginseng as previously described [@bib24]. Briefly, KRG was made by steaming fresh ginseng roots at 90--100°C for 3 h followed by drying at 50--80°C. KRGE was prepared from KRG water extract after three 8-h cycles of extraction in circulating hot water (85--90°C). KRGE contained major ginsenosides Rb1 (7.44 mg/g), Rb2 (2.59 mg/g), Rc (3.04 mg/g), Rd (0.91 mg/g), Re (1.86 mg/g), Rf (1.24 mg/g), Rg1 (1.79 mg/g), Rg2s (1.24 mg/g), Rg3s (1.39 mg/g), and Rh1 (1.01 mg/g), and other minor ginsenosides.

2.3. Experimental groups, EAE induction, clinical evaluation, and KRGE treatment {#sec2.3}
--------------------------------------------------------------------------------

Rats were divided into the following four groups: (1) Sham \[saline, subcutaneous (s.c.) + saline, per oral (p.o.)\]; (2) MBP \[300 μg myelin basic protein peptide (MBP~68--82~), s.c. + saline, p.o.\]; (3) MBP + KRGE \[300 μg MBP~68--82~, s.c. + 100 mg/kg KRGE, p.o.\]; and (4) KRGE \[saline, s.c. + 100 mg/kg KRGE, p.o.\]. EAE was induced as described previously [@bib22], [@bib25] with an emulsion containing 300 μg MBP~68--82~ peptide (Sigma--Aldrich, St. Louis, MO, USA) in complete Freund\'s adjuvant (Difco, Detroit, MI, USA) and 250 ng pertussis toxin (List Biologic, Campbell, CA, USA). Rats in the sham group were treated with saline alone instead of MBP~68-82~ peptide, pertussis toxin, or KRGE. In a previous study [@bib22], 100 mg/kg KRGE was found to be the most effective dose (25 mg/kg/d, 50 mg/kg/d, and 100 mg/kg/d) treatments in MBP-induced EAE. Therefore, we treated rats once daily at a dose of 100 mg/kg KRGE. Clinical signs were evaluated daily using the clinical scoring scale as described previously [@bib22].

2.4. Histopathological assessment of spinal cords {#sec2.4}
-------------------------------------------------

To evaluate histopathological changes, spinal sections were prepared as described previously [@bib22], [@bib25], [@bib26]. Briefly, rats from each group were sacrificed at the peak of clinical score (13--14 d after immunization) and perfused intracardially with cold 4% paraformaldehyde in 0.1M phosphate buffer (pH 7.4). Spinal cords were removed, cryoprotected in 30% sucrose solution, and sectioned into 30-μm thickness using a cryostat microtome. To evaluate cellular infiltration, hematoxylin and eosin staining was performed as described previously [@bib22], [@bib25], [@bib26].

2.5. Immunohistochemical evaluation {#sec2.5}
-----------------------------------

Frozen spinal sections from each group (*n* = 5 per group) were prepared at the peak of clinical score (13--14 d after immunization) as described previously [@bib22]. Immunohistochemical staining was accomplished as previously described [@bib22], [@bib25], [@bib26]. Briefly, anti-ionized calcium binding adaptor molecule-1 (Iba-1) antibody (1:2,000; Wako, Osaka, Japan) was used as primary antiserum and rabbit IgG (1:200; Vector Laboratories, Burlingame, CA, USA) was used as secondary antiserum. ABC kit (Vector Laboratories) was used for staining detection. Immunofluorescent staining was accomplished as described previously [@bib26], [@bib27]. Briefly, frozen spinal sections (*n* = 3 per spinal cord) were incubated with the following primary antibodies: rabbit anti-MBP (1: 500; Sigma--Aldrich), rabbit anti-p-p38 MAPK, p-IκBa, NF-κB/65, CD11b, glial fibrillary acidic protein (GFAP; 1: 500; Santa Cruz Biotechnology, Santa Cruz, CA, USA), and mouse anti-CD4 (1:500; BD Biosciences, San Jose, CA, USA) antibodies and secondary antibodies include Cyanine 3- and fluorescein-isothiocyanate-conjugated mouse/rabbit IgG antibody (1:200; Jackson ImmunoResearch, West Grove, PA, USA). To quantify the level of demyelination, all images from three sections per spinal cord in each group were captured using confocal imaging system (LSM 5 PASCAL; Carl Zeiss, Oberkochen, Germany). The integrated pixel density was measured using NIH Image J program (<http://rsbweb.nih.gov/ij/>). The level of demyelination was determined by dividing the total white matter area by the total demyelinated area.

2.6. Western blot analysis {#sec2.6}
--------------------------

Rats (*n* = 5 per group) were sacrificed at the peak of neurological impairment and their lumbar spinal cords were removed with lysis buffer (50mM Tris--HCl, pH 7.5, 150mM NaCl, 1% Triton X-100, 10% glycerol, and protease inhibitor mixture). Whole cell extract was prepared as described previously [@bib22], [@bib25], [@bib26]. Nuclear and cytoplasmic extracts were separated as described previously by Dignam et al. [@bib28]. Polyvinylidene difluoride membranes with transferred proteins were incubated with anti-p-extracellular signal-regulated kinase (ERK), p-C-Jun N-terminal kinase (JNK), and p-p38 (1:1,000; Cell Signaling Technology, Danvers, MA, USA) and rabbit anti- p-IκBɑ and NF-κB/65 (1:1,000; Santa Cruz Biotechnology) antibodies, followed by incubation with horseradish-peroxidase-conjugated secondary antibody to detection with enhanced chemiluminescence (Amersham Pharmacia Biotechnology, Piscataway, NJ, USA) and exposure to X-ray film. For normalization of antibody signal, the membranes were stripped and re-probed with antibodies for total ERK, JNK, p38, actin, glyceraldehyde 3-phosphate dehydrogenase (1:2,000; Cell Signaling Technology) and histone (1:1,000; Abcam, Cambridge, MA, USA). After western blotting was performed several times, the density of each band was converted to numerical values using the Photoshop CS2 program (Adobe, San Jose, CA, USA), subtracting background values from an area of film immediately adjacent to the stained band.

2.7. Real-time polymerase chain reaction {#sec2.7}
----------------------------------------

To determine the mRNA levels of inflammatory cytokines \[interleukin (IL)-6 and IFN-γ\], cyclooxegenase-2 (COX-2), and growth factors \[insulin-like growth factor (IGF)-1, transforming growth factor (TGF-β), and vascular endothelial growth factor (VEGF)-1\] at peak time of neurological impairment, the rats used for real-time polymerase chain reaction (PCR) analysis (*n* = 5 per group) were anesthetized, and each lumbar spinal cord was removed and deep frozen. Real-time PCR was performed using SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) as previously described [@bib29]. Sequences of oligonucleotide primers are listed in [Table 1](#tbl1){ref-type="table"}. Expression levels of each gene were normalized to that of glyceraldehyde 3-phosphate dehydrogenase. All real-time-PCR experiments were performed at least three times.Table 1PCR primer sequence for PCR analysisTable 1PrimerForward Sequence (5\'→3\')Reverse Sequence (5\'→3\')Rat COX-2GCA TTC TTT GCC CAG CAC TTC ACTTTT AAG TCC ACT CCA TGG CCC AGTRat GAPDHAGG TCA TCC CAG AGC TGA ACGCAC CCT GTT GCT GTA GCC GTA TRat IFN-γGAA AGC CTA GAA AGT CTG AAT AACGCA GCG ACT CCT TTT CCG CTT CCTRat IGF-1ATT GTG GAT GAG TGT TGC TTCATT GAT ATT TGG CAG GTG TTC CRat IL-6CAA GAG ACT TCC AGC CAG TTG CTGG CCG AGT AGA CCT CAT AGT GAC CRat TGF-βCTT CAG CTC CAC AGA GAA GAA CTG CCAC GAT CAT GTT GGA CAA CTG CTC CRat VEGF-1CAG AGA TTC AAT TCA GTG GCCGAG CAG GTC AGG TTC ACA GG

2.8. Statistical analysis {#sec2.8}
-------------------------

Statistical analysis was performed using SPSS for Windows version 21.0 (SPSS Inc., Chicago, IL, USA). Multiple comparisons were made using one-way analysis of variance with Tukey *post hoc* test. All data are presented as mean ± standard error and statistical difference was accepted at the 5% level unless otherwise indicated.

3. Results {#sec3}
==========

3.1. Effect of KRGE on demyelination and cellular infiltration in spinal cord of EAE rats {#sec3.1}
-----------------------------------------------------------------------------------------

Previously, we have reported that KRGE could alleviate neurological symptoms and spinal demyelination based on staining with luxol fast blue in EAE rats [@bib22]. Such effect is achieved by suppressing the differentiation/infiltration of Th1 and Th17 cells and upregulating the differentiation/infiltration of Treg cells [@bib22]. In that study, the protective effect of KRGE on the both items is the best at 13--14 d (at peak of neurological symptoms) after EAE induction [@bib22]. Thus, in the current study, we used the same time schedule (13--14 d after EAE induction) to further investigate the molecular mechanisms involved in the protective effect of KRGE on spinal demyelination in acute EAE. First, we determined whether KRGE could maintain the integrity of myelin in EAE rats. As shown in [Fig. 1](#fig1){ref-type="fig"}, immunofluorescent labeling of MBP (a marker for myelin) displayed an intact myelin-sheath-like ring in the white matter of the spinal cord in both the sham group and KRGE group ([Figs. 1](#fig1){ref-type="fig"}A, 1C). However, the immunofluorescence intensity in the spinal cord of the EAE group ([Fig. 1](#fig1){ref-type="fig"}B) was significantly lower than that of the sham or the KRGE group. The reduction in immunofluorescence intensity was blocked in the EAE + KRGE group ([Fig. 1](#fig1){ref-type="fig"}D). The level of demyelination was semiautomatically quantified ([Fig. 1](#fig1){ref-type="fig"}E). These results suggest that KRGE has protective effect against spinal demyelination in acute EAE.Fig. 1KRGE reduces demyelination in the spinal cords of EAE rats. (A--D) Representative photographs showing the levels of demyelination by immunofluorescence staining using MBP antiserum. (E) Quantified graph of A--D. Analysis of variance test; \#*p* \< 0.01 versus sham group; \**p* \< 0.01 versus EAE group. Bars, 50 μm. EAE, experimental autoimmune encephalomyelitis; KRGE = Korean Red Ginseng extract; MBP, myelin basic protein; PBS, phosphate-buffered saline.Fig. 1

3.2. Effects of KRGE on activation and infiltration of inflammatory/immune cells in the spinal cord of EAE rats {#sec3.2}
---------------------------------------------------------------------------------------------------------------

It is well known that inflammatory/immune cells infiltrate damaged lesions during the course of neurological diseases such as MS [@bib30], [@bib31]. Therefore, we tested the regulating effect of KRGE on cellular infiltration into the spinal cord of EAE rats by hematoxylin and eosin staining. As shown in [Fig. 2](#fig2){ref-type="fig"}, cellular infiltration in the white matter of the spinal cord of rats in the EAE group was increased ([Figs. 2](#fig2){ref-type="fig"}B, 2E) compared to that of mice in the sham or KRGE group ([Figs. 2](#fig2){ref-type="fig"}A, 2C, 2E). However, cellular infiltration in the white matter of the spinal cord of rats from the EAE + KRGE group was lower than that of the EAE group ([Figs. 2](#fig2){ref-type="fig"}C, 2E). Since inflammatory/immune cells may include resident microglia (the major intrinsic immunocompetent phagocytic cells in the CNS) and peripheral immune cells such as blood-derived macrophages and T cells [@bib30], [@bib31], we investigated the effect of KGRE on the distribution of microglia and macrophages in the spinal cord. In the white matter of the spinal cord of the sham and KRGE groups, Iba-1 (a marker for microglia/macrophage lineage cells) immunoreactive cells showed small cell bodies with thin processes ([Figs. 2](#fig2){ref-type="fig"}F, 2H, 2J), indicating resting form [@bib24]. However, in the white matter of the spinal cord of the EAE group, Iba-1-immunoreactive cells showed enlarged cell bodies with short and thick processes with increased number ([Figs. 2](#fig2){ref-type="fig"}G, 2J), indicating activated form [@bib22], [@bib24], [@bib25], [@bib26], [@bib32], [@bib33]. Interestingly, Iba-1 immunoreactivity was significantly reduced in the spinal cord of the EAE + KRGE group compared to that of the EAE group ([Figs. 2](#fig2){ref-type="fig"}I, 2J). Our findings indicate that KRGE can help prevent spinal demyelination via inhibiting activation/infiltration of microglia and macrophages.Fig. 2KRGE alleviates immune cell infiltrations in the spinal cords of EAE rats. (A--E) Representative photographs showing the level of inflammatory/cellular and microglia/macrophages infiltration by hematoxylin and eosin staining. (F--J) Representative photographs after immunohistochemistry staining using Iba-1 antiserum. Insets display high magnification micrographs of areas marked with squares. (E and J) Quantified graphs of A--D (E) and E--H (J). Analysis of variance test; \#*p* \< 0.01 versus sham group; \**p* \< 0.01 versus EAE group. Bars, 100 μm. EAE, experimental autoimmune encephalomyelitis; H&E, hematoxylin and eosin, KRGE, Korean Red Ginseng extract; MBP, myelin basic protein; PBS, phosphate-buffered saline.Fig. 2

3.3. Effects of KRGE on expression of inflammatory mediators in the spinal cord of EAE rats {#sec3.3}
-------------------------------------------------------------------------------------------

Activated and infiltrated immune cells may produce neurotoxic or neurotrophic mediators involved in the etiology of immunological and inflammatory diseases [@bib34]. Therefore, we examined the effect of KRGE on mRNA expression levels of representative inflammatory mediators in spinal cords of EAE rats at 13--14 d after immunization. Real-time PCR results revealed that there was little or no mRNA expression changes of representative inflammatory cytokines (IL-6 and IFN-γ), COX-2, or growth factors (IGF-1, TGF-β, and VEGF-1) in the spinal cords between the sham and KRGE group ([Fig. 3](#fig3){ref-type="fig"}). However, the mRNA expression levels of IL-6, IFN-γ, and COX-2 were significantly increased in the spinal cord of rats in the EAE group compared to those in the sham or KRGE group. However, the mRNA expression levels of IL-6, IFN-γ, and COX-2 in the spinal cord of rats in the EAE group were significantly lower than those in the EAE + KRGE group ([Figs. 3](#fig3){ref-type="fig"}A--3C). In contrast, the mRNA expression levels of IGF-1 and VEGF-1, except TGF-β, were not significantly increased in the spinal cord of rats in the EAE group compared to those in the sham or KRGE group, although the expression levels of TGF-β1, VEGF, and IGF-1 were significantly increased in the EAE + KRGE group compared to those in the EAE group ([Figs. 3](#fig3){ref-type="fig"}D--3F). The results indicated that KRGE could suppress demyelination in spinal cords of EAE rats through inhibiting the expression of neurotoxic factors and upregulating the expression of neuroprotective factors.Fig. 3KRGE regulates the mRNA levels of inflammatory mediators in the spinal cord of EAE rats. (A--F) Real-time polymerase chain reaction results for mRNA levels of IL-6 (A), IFN-γ (B), COX-2 (C), IGF-β1 (D), TGF-β (E), and VEGF-1 (F) the spinal cord of EAE rats. Analysis of variance test; \#*p* \< 0.01 versus sham group; \**p* \< 0.01 versus EAE group. COX, cyclo-oxygenase; EAE, experimental autoimmune encephalomyelitis; IFN, interferon; IGF, insulin-like growth factor; IL, interleukin; KRGE, Korean Red Ginseng extract; TGF, transforming growth factor; VEGF, vascular endothelial growth factor.Fig. 3

3.4. Effect of KRGE on MAPKs and NF-κB signaling pathways in the spinal cords of EAE rats {#sec3.4}
-----------------------------------------------------------------------------------------

MAPKs and NF-κB signaling pathways are key mediators of inducible transcription in the immune system as upstream signaling pathways in inflammatory reactions [@bib10], [@bib35]. Therefore, we investigated the effect of KRGE on MAPKs and NF-κB signaling pathways in the spinal cords of EAE rats at 13--14 d after immunization. Western blot analysis revealed that the expression levels of p-p38 MAPK, p-IκBα, and NF-κB/p65 were significantly upregulated in the spinal cords of EAE rats compared to those in the sham or KRGE group. However, the protein levels of p-p38 MAPK, p-IκBα, and NF-κB/p65 in the spinal cords of rats in the EAE + KRGE group were significantly lower than those in the EAE group ([Figs. 4](#fig4){ref-type="fig"}A, 4D, 4E). However, the activation of JNK or ERK was not significantly affected by immunization or KRGE pretreatment ([Figs. 4](#fig4){ref-type="fig"}B, 4C). Our findings suggest that pretreatment of KRGE might reduce spinal demyelination by inhibiting the phosphorylation of p38 MAPK and NF-κB signaling pathways, but not JNK and ERK pathways.Fig. 4KRGE inhibits activation of p38 MAPK and NF-κB signaling pathways in the spinal cords of EAE rats. Western blot analysis and quantitative results for the protein levels of p-p38 (A), p-ERK (B) and p-JNK (C), p-IκBα (D), and NF-κB/p65 (E) in the spinal cord of EAE rats. Analysis of variance test; \#*p* \< 0.01 versus sham group; \**p* \< 0.01 versus EAE group. EAE, experimental autoimmune encephalomyelitis; ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; KRGE, Korean Red Ginseng extract; MAPK, mitogen-activated protein kinase; NF-κB, nuclear factor-κB.Fig. 4

3.5. Effects of KRGE on distribution of p-38 MAPKs and NF-κB/p65 in spinal cords {#sec3.5}
--------------------------------------------------------------------------------

The activation patterns of p38 MAPK and NF-κB are kaleidoscopically dependent on cell types during developmental stages of neurological disorders [@bib10], [@bib35]. Thus, we investigated whether the activation of p38 MAPK and NF-κB pathways was associated with a specific cell type in the spinal cords of EAE rats. As shown in [Fig. 5](#fig5){ref-type="fig"}, the expression level of p-p38 MAPK in nucleus-like structures of CD11b-immunoreactive cells in the spinal white matter of rats in the EAE group was higher compared to that in the sham or KRG group. However, the expression level of p-p38 MAPK in the EAE + KRGE group was lower than in the EAE group ([Figs. 5](#fig5){ref-type="fig"}A--5L). The expression of p-p38 MAPK was also observed in nucleus-like structures of GFAP-immunoreactive cells and CD4-immunoreactive cells T cells in the spinal cords of EAE rats. However, their intensities of immunofluorescent were lower than those in the EAE + KRGE group ([Figs. 5](#fig5){ref-type="fig"}M--5AJ). These alterations in the expression of p-p38 MAPK based on immunofluorescence staining were in agreement with the results on the expression of p-p38 MAPK protein by western blot analysis ([Fig. 4](#fig4){ref-type="fig"}A). The expression level of NF-κB/p65 was similar to that of p-p38 MAPK. That is, the expression of NF-κB/p65 was upregulated in CD11b-, GFAP-, and CD4-immunoreactive cells in the spinal white matter of rats in the EAE group compared to that in the sham group. However, it was markedly lower in the EAE + KRGE group than that in the EAE group ([Fig. 6](#fig6){ref-type="fig"}). Unlike nuclear expression of p-p38 MAPK, cellular distribution of NF-κB/p65 was unclear in cytosol and/or nucleus ([Fig. 6](#fig6){ref-type="fig"}). Therefore, the expression level of NF-κB/p65 was measured in isolated cytosol and nuclei. Alteration in the expression level of NF-κB/p65 was found both in the cytosol and nuclei ([Figs. 5](#fig5){ref-type="fig"}AK, 5AL). Because NeuN-immunofluorescent cells were not observed in the white mater of spinal cords of any of the groups, p-p38 MAPK or NF-κB/p65-immunoreactive cells were not merged with neurons (data not shown). Taken together, the activation of p38 MAPK and NF-κB pathways might be involved in the protective effect of KRGE against spinal demyelination via inhibiting increases of microglia/macrophages, astrocyte, and T cells in the spinal cords of EAE rats.Fig. 5KRGE blocks the activation and distribution of p-p38 MAPK in the spinal cords of EAE rats. Spinal cord sections were subjected to double immunofluorescence staining to determine immunofluorescence intensities of p-p38 protein in CD11b- (A--L), GFAP- (M--X), and CD4-immunoreactive cells (Y--AJ) in the white matter of spinal cords of EAE rats. Bar, 100 μm. EAE, experimental autoimmune encephalomyelitis; GFAP, glial fibrillary acidic protein; KRGE, Korean Red Ginseng extract; MAPK, mitogen-activated protein kinase.Fig. 5Fig. 6KRGE blocks activation and distribution of NF-κB/p65 in the spinal cords of EAE rats. (A--AJ) Spinal cord sections were subjected to double immunofluorescence staining to determine immunofluorescence intensities of NF-κB/p65 protein in CD11b- (A--L), GFAP- (M--X), and CD4-immunoreactive cells (Y--AJ) in the white matter of the spinal cord of EAE rats. Bar, 100 μm. (AK and AL) Western blot analysis (AK) and quantified results (AL) for protein levels of NF-κB/p65 in the cytosol and nucleus obtained from the spinal cord of EAE rats. Analysis of variance test; \#\#*p* \< 0.05 versus sham group; \*\**p* \< 0.05 versus EAE group. EAE, experimental autoimmune encephalomyelitis; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GFAP, glial fibrillary acidic protein; KRGE, Korean Red Ginseng extract; NF-κB, nuclear factor-κB.Fig. 6

4. Discussion {#sec4}
=============

MS is an autoimmune and inflammatory demyelinating disease of the CNS. The cause of MS remains unknown. It is widely regarded that pathogenic Th cells and aberrant expression of cytokines are vital to its pathogenesis [@bib36]. The results of the present study demonstrated that KRGE pretreatment could alleviate demyelination by reducing inflammatory cells infiltration, diminishing the expression levels of proinflammatory mediators (IL-6, IFN-γ, and COX-2), enhancing the expression levels of growth factors (IGF-1, TGFβ, and VEGF-1), and decreasing the activation of the p38 MAPK/NF-κB signaling pathway in the spinal cords of EAE rats. Our findings indicate that KRGE pretreatment can be used to protect against spinal demyelination induced by EAE. Such protective effect of KRGE might be associated with downregulation of the p38 MAPK/NF-κB signaling pathway.

In demyelinated lesions of MS patients and EAE animal models, activated and infiltrated immune cells (microglia, macrophages, T cells, etc.) may produce mediators beneficial to normal structures but detrimental to degenerative structures [@bib36], [@bib37]. Thus, regulating the activation and migration of these immune cells might be an attractive therapeutic approach for MS patients and EAE animal models [@bib36], [@bib37]. For instance, Minocycline, a broad-spectrum tetracycline antibiotic, may delay the onset and progression of disease and prevents inflammation and demyelination in relapsing--remitting EAE by inhibiting microglial activation and expression of proinflammatory cytokines/chemokines [@bib38]. Total ginseng extract, KRGE, or ginsenosides such as Rb1, Rg1, Rh3, and Re may exert neuroprotective effect in neurological disorders including Alzheimer\'s disease and Parkinson\'s disease through inhibiting the migration/infiltration of immune cells and the expression of proinflammatory cytokines/chemokines [@bib15]. Our previous study has demonstrated that KRGE can prevent the development of Huntington\'s disease-like symptoms and striatal cell death in 3-nitropropionic acid (NPA)-induced striatal toxic mouse model by attenuating the activation and infiltration of microglia and reducing the mRNA levels of tumor necrosis factor-α, IL-1β, IL-6, and iNOS [@bib24]. These results suggest that KRGE might be able to inhibit the activation/infiltration of immune cells (microglia, T cells, macrophages, etc) and regulate the production of inflammatory mediators around/within demyelinating lesion in EAE through other mechanisms.

Recently, we have demonstrated that KRGE can alleviate EAE by suppressing Th1 and Th17 cells and upregulating regulatory T cells [@bib22]. In acute EAE rats, pretreatment with KRGE significantly reduced the population of CD4^+^/IFN-γ^+^, and CD4^+^/IL-17^+^ T cells in the spinal cord, corresponding to downregulated mRNA expression of IFN-γ, IL-17, and IL-23 in the spinal cord [@bib22]. In contrast, KRGE pretreatment increased the population of CD4^+^/Foxp3^+^ T cells in the spinal cord of these rats, corresponding to upregulated mRNA expression of Foxp3 in the spinal cord [@bib22]. Nevertheless, the critical role of KRGE in demyelination and its associated immune cells and immune mediators remain unclear. In the present study, KRGE pretreatment inhibited the activation/infiltration of Iba-1-immunoreactive cells (microglia and macrophages), decreased mRNA expression of IL-6, IFN-γ, and COX-2, and increased the mRNA expression levels of growth factors (IGF-1, TGF-β, and VEGF-1), and reduced demyelination in the spinal cords of EAE rats. The decrease in expression of IL-6, IFN-γ, and COX-2 is in accordance with results of previous reports [@bib26], [@bib39]. IGF-1, TGF-β, and VEGF-1 are growth factors known to be expressed in most neurodegenerative diseases [@bib40], [@bib41], [@bib42]. However, they are not widely studied in MS or EAE. IGF-1 can reduce immune cell responses in acute nondemyelinative EAE [@bib40]. It also stimulates Treg cells and suppresses EAE [@bib41]. TGF-β is a potent regulatory cytokine with diverse effects on hemopoietic cells. Defects in TGF-β expression and its signaling in T cells are correlated with the onset of EAE [@bib43]. VEGF-1 is involved in the recruitment of monocytic macrophages and glial reactions during EAE [@bib42]. Ginsenosides (Rg5, Rd, and Rb1) can regulate the expression of IGF-1 in streptozotocin-induced memory impaired rats [@bib44] and the expression of TGF-β in liver fibrosis around hepatic stellate cells [@bib45]. These reports support that KRGE has protective effects on an experimental model of MS through regulating the activities of IGF-1, TGF-β, and VEGF-1. However, the detail mechanisms remain to be further elucidated.

MAPKs (p38, JNK, and ERK 1/2) and NF-κB signaling pathways are involved in the activation of immune system during inflammatory neurodegeneration. Specifically, the activation of p38 MAPK in CD4^+^ T cells controls IL-17 production and induces the development and progression of both chronic and relapsing--remitting forms of EAE [@bib7], [@bib10], [@bib35]. In addition, regulation of p38 MAPK activity specifically in T cells is sufficient to modulate EAE severity [@bib35]. KRGE can attenuate neuronal death corresponding to reduction of microglial activation by inhibiting phosphorylation of p38 MAPK pathway in 3-NPA-induced striatal toxicity model [@bib24]. Interestingly, intrathecal administration of SB203580 (a p38 inhibitor) has increased the survival rate in a 3-NPA-induced Huntington\'s disease model [@bib24]. These results suggest that activation of p38 MAPK is critical to immune cell function during the development and progression of neuronal damage. However, the function and distribution of p38 MAPK depending on cell types in neurodegenerative disorders such as demyelination are not well known. In the present study, the expression of p-p38 MAPK was increased in the spinal cords (specifically in microglia, astrocytes, and T cells of white matter of spinal cords) at the peak of behavioral impairment (13--14 d after immunization) in EAE rats, whereas KRGE pretreatment inhibited the increase of its expression, corresponding to reduced demyelination. In agreement with the findings of this study, pretreatment with bee venom acupuncture at Zusanli (ST36) acupoints has been reported to suppress activation of the p38 MAPK pathway in the spinal cord of acute EAE rats [@bib25]. In one study, p-p38 immunoreactivity was observed in macrophages, astrocytes, and T cells in spinal lesions during peak stage of EAE [@bib46]. Inhibiting p38-MAPK activation can reduce chemokine CC ligand (CCL)2/CCL5-induced T-cell migration in EAE, coinciding with reduced CNS inflammation and demyelination [@bib47]. A significant increase in the number of p-p38 immunoreactive cells has been predominantly found in the microglia of ipsilateral L4--5 spinal dorsal horn after incision, while intrathecal pretreatment of FR167653 (a specific p38 inhibitor) can attenuate the incision-induced mechanical allodynia [@bib48]. Collectively, these findings suggest that KRGE can regulate the activation of p38 MAPK and offer protection against demyelination.

The expression levels of p-ERK and p-JNK are reported to be significantly increased in the spinal cords (astrocyte, T cells, and macrophages) of rats with EAE at peak stage compared to those in the controls. However, their expression levels are decreased slightly in the recovery stage of acute EAE [@bib46]. Microglial chemotaxis is mediated by chemokine CXC receptor 7 through ERK1/2 activation during EAE [@bib49]. Chemokine CXC receptor 7 neutralizing treatment can ameliorate the clinical severity of EAE with reduced ERK1/2 phosphorylation, but not JNK and p38 MAPKs [@bib49]. Triterpenes inhibit ERK phosphorylation and reduce the proliferative response, phagocytic properties, and synthesis of proinflammatory mediators induced by the addition of inflammatory stimuli to microglia [@bib50]. Treatment with an ERK inhibitor attenuates acute EAE, associated with significant suppression of autoantigen-specific Th17 and Th1 responses [@bib51]. Overexpression of Sprouty4 or pharmacological inhibition of ERK upregulates IL-1 receptor 1 expression in primary T cells [@bib52]. In the present study, phosphorylation levels of ERK and JNK were not significantly changed by immunization or KRGE pretreatment ([Fig. 4](#fig4){ref-type="fig"}). Because the differential expression of three MAPKs was discerned in an animal model of neurological diseases including MS, the exact function of MAPKs in immune cells during neural inflammation remains unclear. Taken together, these results suggest that KRGE can regulate inflammatory neurodegeneration through activation of p38 MAPK, and not p-ERK or p-JNK MAPKs, during CNS autoimmunity. The functional role of MAPKs including ERK, JNK, and p38 in microglia/macrophages, astrocytes, and T cells needs further study in EAE model of human autoimmune diseases.

As a downstream cascade of p38 MAPK in inflammation, the NF-κB signaling pathway is essentially involved in the pathogenicity of autoimmune diseases such as MS [@bib10]. Microarray analysis of genes of MS brain tissue has revealed a positive correlation between MS and NF-κB [@bib8], [@bib9]. It has been reported that mice lacking NF-κB are significantly protected from EAE [@bib10]. The activation of RelA (p65) of NF-κB and IκB dissociation has a distinct role in EAE progression by altering IκB phosphorylation and/or degradation [@bib53]. In the present study, KRGE pretreatment blocked the activation of NF-κB and IκBα in the spinal cord of rats with EAE ([Fig. 6](#fig6){ref-type="fig"}). Additionally, NF-κB expression level was increased in microglia, astrocytes, or T cells of EAE spinal cord (white matter) by immunofluorescence staining. However, its expression level was decreased by KRGE pretreatment ([Fig. 6](#fig6){ref-type="fig"}). These results are consistent with previous reports [@bib54] showing that NF-κB immunoreactivity is primarily detected in the cytoplasm (inactive form of NF-κB) of neurons and glial cells in the white matter of sham animals. However, immunoreactivity of NF-κB is mainly observed in the nucleus (active form of NF-κB) of neurons in the gray matter and presumptive glial cells in the white matter after spinal cord injury [@bib54]. Taken together, these findings indicate that KRGE pretreatment might be able to diminish the development and progression of EAE by blocking the activation of the NF-κB signaling pathway in the spinal cord, although the details of the distribution and mechanism of NF-κB signal pathway need further studies.

5. Conclusions {#sec5}
==============

The present study and our previous study [@bib22] show that KRGE pretreatment can alleviate behavioral severity or demyelination in EAE rats through regulating the migration and infiltration of immune cells such as resting microglia, macrophages, and T cells associated with reduced activation of the p38 MAPK and NF-κB pathways. Given the known functions of KRGE in neural function and immune activity, regulating the function and distribution of p38 MAPK and NF-κB pathways might be essential to the effect of KRGE in preventing demyelination in MS and EAE.
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